Obesity is a well-known risk factor for colorectal neoplasia. Yet, the associations of both metabolic and obesity status with metachronous colorectal neoplasia remain unclear. We conducted a cohort study of 9,331 adults who underwent screening colonoscopy and surveillance colonoscopy. Participants were classified as metabolically healthy if they had no metabolic syndrome component. Participants were categorized into four groups according to body mass index and metabolic status: metabolically healthy non-obese (MHNO; n = 2,745), metabolically abnormal non-obese (MANO; n = 3,267), metabolically healthy obese (MHO; n = 707), and metabolically abnormal obese (MAO; n = 2,612). MAO individuals [n = 159 advanced colorectal neoplasia (AN) cases, 6.1%] and MANO individuals (n = 167 AN cases, 5.1%) had a higher incidence of AN compared with MHNO individuals (n = 79 AN cases, 2.9%). In a multivariable model, the risk of metachronous AN was higher in MANO (hazard ratio [HR] 1.43, 95% confidence interval [CI] 1.12-1.84) and MAO (HR 1.52, 95% CI 1.18-1.96) than in MHNO. In contrast, the risk of metachronous AN was not significantly elevated in MHO. In subgroup analyses, with or without adenoma at baseline, MAO was a risk group for metachronous AN, and MHO was not. Our findings suggest that metabolic unhealthiness is a significant predictor for metachronous AN.
The global epidemic of obesity continues to worsen, imposing considerable burdens on global health due to chronic diseases such as cardiovascular disease, type 2 diabetes, and some cancers [1] [2] [3] . As assessed via body mass index (BMI) and several other measures of adiposity, obesity has shown positive associations with colorectal cancer (CRC) and adenoma consistently [4] [5] [6] . However, most obese individuals do not develop CRC, indicating that the metabolic and other underlying pathophysiologic effects that accompany obesity vary across individuals and may have different implications for disease risk. Indeed, accumulating evidence suggests that obesity can be subdivided into distinct phenotypes based on the prevalence of metabolic abnormalities such as hypertension, dyslipidemia, and glucose intolerance, and that these phenotypes may be clinically relevant [7] [8] [9] [10] . Most obese individuals have one or more metabolic abnormalities. However, some obese individuals are metabolically healthy. Recent interest has focused on a unique subgroup of obese individuals who do not have metabolic abnormalities. In addition, non-obese individuals with metabolic abnormalities have been described 2, 11 . Previous studies on the effects of the metabolically healthy obese (MHO) phenotype on cardiovascular and neoplastic disease have yielded contradictory results 7, [12] [13] [14] [15] [16] . Likewise, recent studies concerning the association between colorectal neoplasia and these subgroups also showed contrary results 14, 16 . Therefore, we conducted a cohort study of incident colorectal neoplasia. We evaluated the risk of this disease according to both obesity and metabolic status. Furthermore, we employed a strict definition of metabolic health: individuals were only defined as being metabolically healthy if they did not have any metabolic parameters.
The risk of metachronous colorectal neoplasia. Among the 9,331 participants, the incidence of any colorectal neoplasia and advanced neoplasia (AN) were 33.3% (3,109) and 4.7% (439) respectively. According to obesity (BMI criteria) and metabolic status, the incidences of any colorectal neoplasia were 26.8% (735/2,745) in MHNO, 34.4% (1,124/3,267) Subgroup analyses of advanced colorectal neoplasia risk by presence of adenoma at baseline. To evaluate the consistency of the associations of obesity and metabolic status with metachronous AN, we performed subgroup analyses according to the presence of baseline adenoma, which is a most important factor affecting the risk of metachronous AN. The subgroup analyses did not show heterogeneities in the associations of obesity and metabolic status with the risk of metachronous AN, with no significant interactions by the presence of baseline adenoma (P for interaction = 0.309). In the subgroup with adenoma at baseline, MAO and MANO individuals had significantly increased risks of metachronous AN, in contrast, MHO did not have (Table 3) . Even among subgroup without adenoma at baseline, MAO individuals compared with MHNO individuals had a significantly increased risk of metachronous AN, and MHO was not a risk group for metachronous AN. Additionally, using the abdominal obesity (waist circumference, ≥ 90 cm for men and ≥ 80 cm for women) criteria, the subgroup analyses showed consistent results ( Table 4) .
The association between metabolic parameters and metachronous advanced colorectal neoplasia. We also evaluated the impact of the metabolic parameters on the risk of metachronous AN (Table 5 ).
Other than waist circumference, we used the metabolic syndrome components, such as glucose, triglycerides, high-density lipoprotein-cholesterol, and blood pressure levels. In the Cox proportional hazard model adjusted for age, sex, BMI, smoking status, alcohol intake, regular exercise, regular aspirin use, family history of colorectal cancer, and high risk adenoma at screening colonoscopy, higher levels of fasting glucose and triglycerides were significant predictors of AN. These associations were evident in analyses using continuous variables, quartiles, or Table 3 . The risk of metachronous advanced colorectal neoplasia by metabolic status and obesity using body mass index in subgroups with or without adenomas at baseline. a Estimated from Cox proportional hazard models adjusted for age, sex, smoking status, alcohol intake, regular exercise, regular aspirin use, family history of colorectal cancer, and high risk adenoma at screening colonoscopy. aHR, adjusted hazard ratio; CI, confidence interval; BMI, body mass index; MHNO, metabolically healthy non-obese; MANO, metabolically abnormal non-obese; MHO, metabolically healthy obese; MAO, metabolically abnormal obese. metabolic syndrome cutoff points for the metabolic variables. In contrast, high-density lipoprotein-cholesterol and systolic blood pressure did not show these associations consistently.
Discussion
In this cohort study, we found that non-obese individuals with metabolic abnormalities were at higher risks of colorectal neoplasia than were non-obese individuals without metabolic abnormalities. Our results also showed that MHO individuals, based on BMI, are not at an increased risk of colorectal neoplasia development, as compared with metabolically healthy non-obese individuals. In subgroup analyses, with or without adenoma at baseline, MAO was a risk group for metachronous AN, and MHO individuals was not at an increased risk of metachronous AN. The results were consistent either based on BMI or central obesity (by waist circumference). Our findings thus indicate that metabolically unhealthy status may be a more relevant etiological factor for the development of colorectal neoplasia than general obesity such as higher BMI.
Several previous studies have investigated the associations of obese/metabolic status with several outcomes, such as cardiovascular disease, type 2 diabetes, and neoplastic diseases (including colorectal adenoma and CRC) 13, 14, 16 . Some studies have suggested that the effects of the MHO phenotype are not enough to increase adverse outcomes. Meigs et al. reported that MHO individuals were not at increased risks of cardiovascular diseases or type 2 diabetes, as compared with metabolically healthy normal-weight individuals 13 . Recently, a nested study in the European Prospective Investigation into Cancer and Nutrition study revealed that MHO individuals had a similar CRC risk to metabolically healthy normal-weight individuals 14 . In contrast, a recent Korean cross-sectional study reported that MHO individuals are at increased risks of low-risk and high-risk colorectal adenomas, as again compared with metabolically healthy normal-weight individuals 16 . It is possible that these heterogeneous results are largely attributable to the various definitions of the MHO phenotype that have been used.
The common, principal criterion that has been used to identify MHO individuals is the absence of metabolic abnormalities (dyslipidemia, glucose intolerance, and hypertension) 8 . In this study, we also used a strict definition of metabolically healthy status: the absence of metabolic abnormalities. The metabolic factors are potential risk factors for colorectal neoplasia. However, the associations between these metabolic parameters, other than waist circumference, and colorectal neoplasia are inconsistent. Hypertension was found to be a risk factor for colorectal neoplasia in several studies, but conflicting results were reported in other studies [17] [18] [19] . Positive associations between overt diabetes or hyperglycemia and colorectal neoplasia were also observed in some studies, but not in others [20] [21] [22] [23] . Previous studies on the association between dyslipidemia and colorectal neoplasia have also had inconsistent findings. The Metabolic Syndrome and Cancer Project (Me-Can), a large European cohort, reported a positive association between higher serum triglyceride levels and incident colorectal cancer, but this association was not confirmed in the European Prospective Investigation into Cancer and Nutrition (EPIC) study 24, 25 . In our results, glucose and triglycerides levels were significantly associated with incident AN after adjusting for potential confounding factors.
The mechanisms that link obesity and colorectal neoplasia are not fully established, although several possible mechanisms have been suggested [26] [27] [28] [29] [30] . Insulin resistance and hyperinsulinemia have been found to be involved in cellular mitogenic stimulation and to have anti-apoptotic activity that may be tumorigenic, as consequences of both their metabolic effects and the accumulation of visceral fat tissue [26] [27] [28] .-Adipose tissue-induced chronic inflammation is another potential mechanism for colon carcinogenesis. Instead of simply being fat storage, b Estimated from Cox proportional hazard models adjusted for age, sex, smoking status, alcohol intake, regular exercise, regular aspirin use, family history of colorectal cancer, and high risk adenoma at screening colonoscopy. aHR, adjusted hazard ratio; CI, confidence interval; BMI, body mass index; MHNO, metabolically healthy non-obese; MANO, metabolically abnormal non-obese; MHO, metabolically healthy obese; MAO, metabolically abnormal obese.
visceral adipose tissue is now recognized as an important endocrine organ that secretes numerous cytokines. Among the adipocytokines, leptin stimulates the growth of colonic epithelial cells and adiponectin is involved in carcinogenesis of the colon 29 . However, adipocytokines such as tumor necrosis factor, interleukin-6, plasminogen activator inhibitor, angiotensin, retinal binding protein-4, and resistin are mainly involved in hepatic gluconeogenesis, lipolysis, elevated blood pressure, and pro-thrombotic effects 30 . Consequently, these effects of the adipocytokines may contribute to the development of metabolic syndrome. Further research is needed to understand the underlying mechanisms of adipocytokines and their roles in colon carcinogenesis.
Several limitations need to be a considered when interpreting the results of our study. First, misclassifications might have occurred during the measurement of polyp size, and histological diagnosis. However, the colonoscopists and pathologists were unaware of the study objectives. These measurement errors would be non-differential and could possibly result in an underestimation of the association between metabolic/obese status and metachronous colorectal dysplasia. Second, we used BMI as a measure of obesity; however, BMI does not contain information on the composition and distribution of fat and muscle mass. If the MHO participants had a higher proportion of lean mass, then the association between the MHO phenotype and colorectal adenoma risk could have been attenuated. Third, although we carefully controlled for potential confounding factors in the multivariable analysis, we cannot exclude the possibility of residual confounding due to unmeasured covariates such as quality factors of colonoscopy. However, this study incorporated control measures for colonoscopic quality indicators, including bowel preparation, completeness of colonoscopy, and performance by an experienced gastroenterologist. Finally, this study focused on healthy participants who underwent a routine health check-up; thus, it may be difficult to generalize our findings to other populations.
This study also has several strengths. First, the cohort design of our study allowed us to identify temporal relationships, which is not usually possible in cross-sectional studies. Additional strengths include the use of high-quality, standardized clinical and laboratory methods, as well as the use of a strict definition of metabolically healthy status (no metabolic abnormalities).
In conclusion, this study showed that, a metabolic unhealthy state is associated with an increased risk of incident AN. Regardless of the presence of adenoma at baseline, the risk of metachronous AN was higher in MANO individuals. In contrast, the risk of colorectal neoplasia was not increased in MHO individuals. Therefore, the risk of advanced colorectal neoplasia appeared to have been mediated by metabolic parameters. Combinations of anthropometric measures with metabolic parameters may be useful for assessing the risks of metachronous Table 5 . The association between the metabolic parameters and metachronous advanced colorectal neoplasia. Cox proportional hazard models adjusted for age, sex, body mass index, smoking status, alcohol intake, regular exercise, regular aspirin use, family history of colorectal cancer, and high risk adenoma at screening colonoscopy.
a Binary cutoff points: (1) high serum triglycerides ≥ 150 mg/dL; (2) low high-density lipoproteincholesterol ≤ 40 mg/dL for men and ≤ 50 mg/dL for women; (3) high systolic blood pressure ≥ 130 mmHg; (4) high fasting glucose > 100 mg/dL HR, hazard ratio; CI, confidence interval; HDL-C, high-density lipoprotein cholesterol; SBP, systolic blood pressure. colorectal neoplasia. Additionally, our study suggests that individuals who are metabolically unhealthy and have high risk adenomas at screening colonoscopy are at an elevated risk of metachronous AN. Surveillance colonoscopy should be recommended for these individuals.
Methods
Study population. We conducted a retrospective cohort study of healthy participants, aged ≥ 40 years old, who underwent a routine health check-up that included colonoscopy at the Center for Health Promotion of Samsung Medical Center, South Korea, from January 2005 to December 2011 20 . Since our objective was to evaluate the association between obesity/metabolic status and metachronous colorectal neoplasia, we included participants who underwent a first-time colonoscopy for screening and a subsequent second colonoscopy for surveillance (n = 10,074). We excluded 743 participants who met any of the following exclusion criteria: poor bowel preparation (n = 582), incomplete colonoscopy (n = 51), history of malignancy including previous cancers and CRC detected at screening (n = 152), history of colorectal surgery (n = 10), and inflammatory bowel disease (n = 6). Finally, 9,931 asymptomatic healthy participants who underwent screening colonoscopy with or without polypectomy and surveillance colonoscopy were included in this study (Fig. 1) . This study was approved by the Institutional Review Board of the Samsung Medical Center and was conducted in accordance with the Declaration of Helsinki and current legal regulations in Korea. The Institutional Review Board approval was obtained without specific informed consent because the study used only de-identified data that were collected for clinical purposes as part of the health screening check-up. However, informed consent was obtained from all subjects for their examinations at the health check-up.
Data collection.
The comprehensive health-screening program included anthropometric measurements, endoscopy, and serum biochemical measurements, as well as an epidemiological questionnaire on smoking habits, alcohol consumption, physical activity, medication history (including current use), personal medical history, and family history of cancer 20 . Personal medical history included diabetes mellitus, hypertension, dyslipidemia, cardiovascular disease, malignancy, colorectal neoplasia, and surgical history. Medication history included current and regular use of aspirin. Smoking status was divided into three groups: never, former, or current smoker. Alcohol consumption status was divided into mild (≤10 g/day) and modest (>10 g/day). Regular exercise was defined as exercising three or more times per week with moderate intensity activity. Weight and height were calculated to the nearest 0.1 kg and 0.1 cm, respectively, using an Inbody 720 machine (Biospace, Seoul, Korea). The participants' weights and heights were measured with light clothing and bare feet. BMI was calculated as weight in kilograms divided by height in square meters (kg/m 2 ). Blood pressure was measured in the seated position after > 5 minutes of quiet rest using an automated blood pressure monitor (Dinamap PRO 100; GE Healthcare, Milwaukee, Wisconsin).
After a ≥ 12 hour fast, fasting blood samples were collected in the morning and analyzed by the hospital clinical laboratory. Serum levels of glucose, total cholesterol, triglycerides, low-density lipoprotein-cholesterol, and high-density lipoprotein-cholesterol were measured. Total cholesterol, triglycerides, low-density lipoprotein-cholesterol, and high-density lipoprotein-cholesterol were measured using enzymatic colorimetric and liquid-selective detergent methods with a Hitachi 7600 (Hitachi, Tokyo, Japan). Serum glucose levels were measured using the hexokinase/glucose-6-phosphate dehydrogenase method with a Hitachi 7600 Modular Dp-110 autoanalyzer (Hitachi, Tokyo, Japan). The inter-and intra-assay coefficients of variation for quality control specimens were < 5% for all blood variables.
Colonoscopies. Experienced board-certified gastroenterologists performed the colonoscopies using an colonoscope (Olympus CF-Q260AI or CF-Q260AL; Olympus Medical Systems, Tokyo, Japan) after bowel preparation with 4 L of polyethylene glycol solution (CoLyte and CoLyte-F; Taejun, Seoul, South Korea). The size of each lesion was estimated using an open biopsy forceps. The following information was recorded in the electronic medical record after the colonoscopy: number of polyps, locations and sizes of polyps, time and results of the last colonoscopy, family history of CRC, bowel preparation (excellent/good/fair/poor), cecal intubation time, withdrawal time, and completeness of the colonoscopy. Biopsy samples were sent to the pathology department, where qualified pathologists assessed the histopathology of the lesions 20 . AN was defined as any adenoma larger than 1 cm, any adenoma with a villous component, high-grade dysplasia, or invasive cancer.
Definitions of obesity and metabolically healthy status. Obesity was defined according to Asian-specific criteria (BMI ≥ 25 kg/m 2 ) or the International Diabetes Federation criteria (waist circumference ≥ 90 cm for men and ≥ 80 cm for women). Metabolically healthy status was defined as the absence of all of the following metabolic abnormalities at baseline: 8 (1) high serum triglycerides, defined as ≥ 150 mg/dL (1.7 mmol/L) or drug treatment for this lipid abnormality (2) low high-density lipoprotein-cholesterol, defined as ≤ 40 mg/dL (1.0 mmol/L) for men and ≤ 50 mg/dL (1.3 mmol/L) for women or drug treatment for this lipid abnormality; (3) high blood pressure, defined as blood pressure ≥ 130/85 mmHg or drug treatment for previously diagnosed hypertension; (4) high fasting plasma glucose (FPG), defined as > 100 mg/dL (5.6 mmol/L) or drug treatment for previously diagnosed diabetes 8, 31 . As demonstrated by these criteria, we used a strict definition for metabolic healthy status which required that individuals had no metabolic abnormalities.
Study participants were classified into four groups based on BMI and metabolic status: (1) metabolically healthy non-obese (MHNO) group; (2) metabolically abnormal non-obese (MANO) group; (3) metabolically healthy obese (MHO) group; and (4) metabolically abnormal obese (MAO) group.
